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18 Abstract
19 The biological dynamics of pelagic marine ecosystems are strongly influenced by the size 
20 structure and ecological succession of phytoplankton, which in turn modifies photosynthetic 
21 efficiency. Variability in photosynthetic rates is closely coupled with changes in community 
22 structure, but it is difficult to obtain coincident data at high enough resolution to characterise 
23 these changes. In this study, we employ hierarchical cluster analysis on chlorophyll-
24 normalised high performance liquid chromatography (HPLC) pigment concentrations from 
25 the North West Atlantic shelf, to identify seasonal successional trends amongst 
26 phytoplankton populations. Changes in phytoplankton community were also analysed as a 
27 function of mean equivalent spherical diameter (MESD) derived from absorption 
28 measurements, photosynthetic rates, water-column stratification and temperature. Well-mixed 
29 conditions in spring to early summer were associated with populations of large cells 
30 containing high concentrations of fucoxanthin, chlorophyll-c1 and chlorophyll-c2 relative to 
31 chlorophyll-a (Chl a). As stratification increased over the course of the summer, these cells 
32 were replaced by populations dominated by chlorophyll-b, 19'-hexanoyloxyfucoxanthin, 19'-
33 butanoyloxyfucoxanthin and divinyl chlorophyll-a, indicative of small picophytoplankton. As 
34 stratification decreased in autumn, MESD and alloxanthin increased, suggesting the presence 
35 of  cryptophytes. Positive relationships were found between MESD and the quantum yield of 
36 photosynthesis ( m) for 7 out of the 8 phytoplankton clusters identified, while negative 
37 relationships between mean mixed layer photosynthetically active radiation and m and the 
38 light limited slope of photosynthesis ( B) were observed for 4 clusters, as a result of nutrient 
39 limitation and photo-protection. The highest photosynthetic rates were associated with a pico 
40 & nanophytoplankton communities, which increased from spring to late summer as 
41 stratification intensified. By contrast, dDiatom communities had the lowest photosynthetic 
42 rates throughout the year. These successional patterns in the dominant phytoplankton size-
43 class and phenology support Margalef's mandala in terms of the relationship between 
44 turbulence and community structure. The study sheds new light on assemblages dominated 
45 by smaller cells, under warm, stratified conditions, having higher photosynthetic efficiencies, 
46 which has implications for the carbon flux on the NW Atlantic shelf.
47
48 1. Introduction
49 The ecological functioning of marine phytoplankton communities is strongly influenced by 
50 the species present and their size (Chisholm 1992, Raven 1998). There are more than 5000 
51 species in the global ocean, which have a 1000 fold range in cell size (Jiang et al., 2005). In 
52 the North Atlantic, cell size varies from ~0.6  to >1000  which is highly correlated 
53 with seasonal changes in water column stratification (Kiørboe 1993). Large phytoplankton, 
54 especially diatoms, thrive in turbulent and partially mixed waters that are rich in nitrate, 
55 which facilitates rapid assimilation of nutrients and carbon fixation (Pahlow et al., 1997). 
56 Smaller cells that comprise the picophytoplankton, tend to inhabit nutrient poor, stratified, 
57 oligotrophic regions which are highly stratified (Munk and Riley,1974; Malone, 1977). 
58 Margalef (1978) proposed a mandala to divide phytoplankton groups according to the levels 
59 of turbulence and nutrient availability. 
60 Phytoplankton productivity in the North Atlantic accounts for ~50% of the global 
61 ocean production (Wassmann, 1990), which has huge implications for the ocean biological 
62 carbon pump (Daniels et al., 2015). The classic theory of succession in this region is that 
63 spring bloom forms as the winter mixed-layer shoals, exposing high nutrient concentrations 
64 in the surface layers to light as incident irradiance and day length increase (Sverdrup, 1957). 
65 The spring bloom is often dominated by diatoms, which are replaced by nanophytoplankton 
66 as nutrients become depleted (Margalef, 1978). Different hydrographic circulation patterns 
67 can cause modulate the recycling and regeneration of nutrients in the euphotic zone which 
68 can lead to successional changes in pico, nano and microphytoplankton (e.g. Clarke et al. 
69 2016). New methods of detection of phytoplankton functional types from satellite data 
70 similarly illustrate an annual succession between diatoms, nanophytoplankton and 
71 Prochlorococcus (Alvain et al. 2008). These successional changes modify the biological 
72 carbon pump between a net sink and source of CO2 to the atmosphere (Cloern 1996). The 
73 succession in phytoplankton is, which is intricately linked to changes in nutrient 
74 concentrations (Behrenfeld et al., 2004), temperature (Claquin et al., 2008) and light (Anning 
75 et al., 2000). More recently, the contribution of picophytoplankton to carbon export has been 
76 revaluated to show that it is proportional to their net primary production despite their small 
77 size (Richardson & Jackson, 2007). Both in the Global Ocean and the North East Atlantic, 
78 Synechococcus sp. are strongly associated with export flux of carbon to deepth and are 
79 commonly found in aggregates found in trap samples in the deep ocean (Waite et al., 2000; 
80 Guidi et al., 2016). Future changes in ocean acidification and de- or eutrophication to shelf 
81 seas could impact the local phytoplankton succession and therefore carbon flow through the 
82 ecosystem (Flynn et al. 2015). The effect of changes in phytoplankton community structure 
83 on photo-physiology can often be greater than the effect of variations in nutrients (Chauton et 
84 al. 2004). To fully understand the impact that succession in phytoplankton community 
85 structure has on photosynthesis, it is important to characterise in detail coincident changes in 
86 phytoplankton size, structure and photo-physiology over many years to build up a 
87 climatological perspective of how these parameters are coupled. 
88 While phytoplankton size and community structure are of vital importance to 
89 understanding the pelagic environment, they are difficult to measure. Phytoplankton 
90 populations in the field rarely, if ever, consist of monocultures of a single size. For scaling up 
91 from individual cells to ecosystem structure, it is important to characterise the range in 
92 phytoplankton size and its succession under dynamic changes in hydrographic conditions 
93 which modulate community structure (Margalef, 1978). 
94 Enumeration of phytoplankton community structure by light microscopy has 
95 traditionally provided the necessary data to assess successional changes, however this can be 
96 prohibitively time consuming and costly (Nair et al., 2008). In addition, it is not possible to 
97 accurately determine both nano and picophytoplankton using conventional light microscopy. 
98 A number of alternative approaches to estimating both phytoplankton community size and 
99 structure have been derived to provide rapid quantification of phytoplankton community 
100 dynamics. These includeing Flow Cytometry for enumerating cell sizes of 1 to 20  (Moore 
101 et al., 2009), Flow Cytometer And Microscope (FlowCAM) which is an automated technique 
102 that combines both flow cytometry and microscopy (Sieracki et al. 1998) and, imaging 
103 FlowCytobot (IFCB) which combines video and flow cytometric technology to capture 
104 images of nano and microphytoplankton over the size range from 10 to >100  (Olson et al. 
105 2003). Each method has it’s merit or disadvantage (Alvarez et al. 2011, 2014, Garmendia et 
106 al. 2013, Jakobsen and Carstensen 2011), and even though they have been deployed for >20 
107 yrs they still do not represent a direct replacement for microscopy. 
108 Alternatively, indirect measurements of size can be made by identifying 
109 phytoplankton taxonomic groups using fluorescence in-situ hybridisation (FISH) probes 
110 (Groben et al., 2004), or accessory pigment concentrations as measured using high 
111 performance liquid chromatography (HPLC). Reliable means of estimating phytoplankton 
112 size and community structure from optical proxies potentially represent a quick and reliable 
113 technique to decipher changes in succession. Changes in phytoplankton signatures, ratios or 
114 clusters have been used to evaluate a wide range of ecosystem processes including changes in 
115 size classes and production (Brewin et al., 2017), export of biomass from the photic zone 
116 (Guidi et al. 2009) and the effects of environmental forcing on microbial structure (Riegmann 
117 & Kraay 2001; Lohrenz et al. 2003). Such techniques can also be applied to remotely-sensed 
118 ocean colour data (Uitz et al. 2008). Alternative measurements of phytoplankton size can also 
119 be obtained from the specific absorption coefficient of phytoplankton (e.g. Roy et al., 2011). 
120 In this paper we apply optical proxies to a large dataset comprising ~1500 samples 
121 from the North West Atlantic shelf, to identify successional trends in phytoplankton size and 
122 community structure. Unsupervised hierarchical cluster analysis on phytoplankton pigment 
123 data, in conjunction with absorption coefficients to estimate size-class, are used to 
124 characterise seasonal trends in photosynthetic parameter during the succession of different 
125 phytoplankton assemblages.
126
127 2. Material and methods
128 2.1. Study area.
129 The study is based on data from a large number of cruises from the North West Atlantic Shelf 
130 Province, as defined by Longhurst et al. (1995). The stations sampled were between 21.8 o N 
131 to 62.2 o N, 40 to 65 W and with the majority from 43.2 o N to 48.6 o N. These data, and were 
132 collected over 8 years from 1997 to 2005 in March 1996, 1999; April 1997, 1998, 2000, 
133 2003; May 1996, 1997, 2000; June 1997, 1998, 1999, 2000, 2001, 2002; July 1998, 1999, 
134 2002, 2003; August 2003; September 1996; October 1996, 1997, 1999, 2000, 2001, 2002; 
135 November 1997, 1999, 2001; December 2002, 2003. The number of samples analysed per 
136 day over a yearly cycle is given in Robinson et al. (2018; see Fig. 2). Data was also obtained 
137 for the polar regions, the Westerlies Domain and the Trade Winds Regime (Fig. 1). The 
138 stations sampled were between 21.8 o N to 62.2 o N, 40 to 65 W and with the majority  from 
139 43.2 o N to 48.6 o N. A total of 1398 samples were analysed for the determination of HPLC 
140 phytoplankton pigments, of these 1385 samples were analysed for phytoplankton absorption 
141 coefficients (aph) and photosynthesis-irradiance (PE) curves were determined on 726 of the 
142 samples.
143 2.2.  Sampling regime.
144 Vertical profiles of temperature were obtained from CTD casts. Water samples were obtained 
145 using Niskin bottles from the surface to a maximum depth of 170 m, with 95% from depths 
146 of 50 m or less for measurements of biological, physiological and optical properties of 
147 phytoplankton. From the 1398 samples collected, 945 were from <10 m depth.
148 2.3. Derivation of in water properties from climatology.
149 Hydrographic Temperature and photosynthetically-active radiation (PAR) were measured on 
150 each cruise. C, but climatologicaly data from MODIS-Aqua the World Ocean Atlas (WOA) 
151 wereas used to generate daily PAR (which is not available from point measurements) and 
152 from the World Ocean Atlas (WOA) for the stratification index using a reference depth of 
153 100m which was sufficiently deep that the inter-annual variability will be small. The 
154 stratification Index was calculated from:
155 S = (Ts – T100) / (100 – zs) (2)
156 Where S is the stratification index, Ts is the temperature of a sample, T100 is the 
157 climatological temperature at of the sample at 100m, and zs the depth of the sample.
158 Average surface irradiance was estimated using MODIS-Aqua monthly climatology 
159 (OceanColour level 3) which was combined with estimates of the vertical attenuation 
160 coefficient from Chl a from Platt et al. (2003) to obtain estimates of PAR within the mixed 
161 layer. Linear interpolation was used to derive estimates of daily irradiance from the monthly 
162 climatology. Mixed-layer depths, temperature (Locarnini et al. 2009), and salinity (Antonov 
163 et al. 2010) were taken from WOA and potential density was taken from Jackett et al. (2006). 
164 2.4. Analysis of phytoplankton pigments by High Performance Liquid Chromatography. 
165 Chlorophyll-a (Chl a) and accessory pigment concentrations were measured using 
166 HPLC following the procedure of Head & Horne (1993). Water samples were filtered onto 
167 GF/F filters before being either analysed immediately or flash frozen in liquid nitrogen at -
168 80oC until analysis. Frozen filters were homogenised in 1.5 ml of 90% acetone, centrifuged 
169 and diluted with 0.5 M ammonium acetate at a ratio of 2:1 before being run on a Beckman 
170 C18 reverse-phase, 3  Ultrasphere column (Sathyendranath et al., 2005). Pigment peaks 
171 were identified for chlorophyll-a (Cchl-a), divinyl chlorophyll-a (DVchl-a), chlorophyll-b 
172 (chl-b), (including  divinyl chlorophyll-b (DVchl-b) and monovinyl chlorophyll-b (MVchl-b), 
173 combined chlorophyll-c1 (chl-c1) and chlorophyll-c2 (chl-c2), chlorophyll-c3 (chl-c3), 
174 peridinin (per), 19'-butanoyloxyfucoxanthin (19'-but), 19'- hexanoyloxyfucoxanthin (19'-
175 hex), fucoxanthin (fuc), violaxanthin (viola), diadinoxanthin (diad), alloxanthin (allo), 
176 diatoxanthin (diat), zeaxanthin (zea), and  Samples lacking any of the 17 pigments 
177 mentioned above were discarded from the analysis, leaving a total of 1397 samples that were 
178 used out of a total of 2950 samples.
179 2.5. Absorption coefficient of phytoplankton (aph).
180 Particulate absorption samples were collected on GF/F filters, and analysed as 
181 described in Stuart et al. (1998, 2000). Absorption by particulate matter (ap  on wetted 
182 filters was measured between 400 and 750 nm relative to a blank saturated in filtered 
183 seawater, using a dual-beam Shimadzu UV-2101 PC scanning spectrophotometer with an 
184 integrating sphere (Stuart et al. 2000). Optical density measurements were divided by the 
185 geometrical path length (volume filtered divided by the clearance area of the filter) and 
186 multiplied by a factor of 2.3 to convert from decimal to natural logarithms. Detrital 
187 absorption, ad , was estimated following the method of Kishino et al. (1985), as modified 
188 by Stuart et al. (1998). Pigments were extracted using 20 ml of a 6:4 (vol:vol) 90% acetone 
189 and dimethyl sulfoxide (DMSO), followed by 10 ml of filtered seawater to remove any 
190 residual solvents (Stuart et al. 1998), before the absorption by the extracted filters was 
191 measured. Since water-soluble phycobiliproteins are not readily extracted using this method, 
192 a correction was applied to avoid underestimation of the absorption by phytoplankton. The 
193 detrital absorption spectrum was deconstructed into a series of Gaussian curves superimposed 
194 onto an exponential curve at the wavelengths of the peak absorption by the non-extracted 
195 pigments (420 and 666 nm for phaeopigments and 510, 550 and 590 nm for the biliproteins). 
196 The Marquardt-Levenberg algorithm was used to determine the parameters which minimise 
197 the sum of squares between the estimated and observed variables, giving a very good fit (R2 ~ 
198 0.99), before using the fitted exponential as the measure for detrital absorption. Absorption 
199 coefficients were calculated by subtracting the optical density at 750 nm from all other 
200 wavelengths, dividing by the geometrical path length (volume filtered divided by the 
201 clearance area of the filter) and adjusting for path length amplification due to scattering by 
202 the filter. Absorption by phytoplankton was calculated by subtracting ad  from ap  The 
203 mean Chl a-specific absorption coefficient ( ) was calculated by taking an average for all 
204 values of aph between 400 and 700 nm and dividing by the Chl a concentration measured by 
205 HPLC.
206 2.6. Mean equivalent spherical diameter (MESD).
207 The methods of Roy et al. (2011) were used to estimate MESD from measurements of aph and 
208 pigment concentrations from HPLC. When approximated to homogeneous spheres, the 
209 absorption characteristics of the cell are a function of the concentration of pigments and the 
210 cell diameter. Due to the packaging effect, the absorption coefficient for a given 
211 concentration of pigment in solution is greater than when it is contained within discrete 
212 particles (Duysens 1956). Chl a is responsible for almost all the absorption at 676 nm. Since 
213 the Chl a concentration in the samples is known, the degree of packaging can be calculated 
214 by comparing the absorption by phytoplankton cells at 676 nm with the estimated absorption 
215 at 676 nm from the same Chl a concentration using a hypothetical solution (Fig. 3). A lookup 
216 table was then used to convert this measure of packaging into MESD.  The table generates 
217 values of  which is the ratio between the light absorbed by a cell and the light incident on it, 
218 for a given diameter (d) ranging from 0 to 500  to enable approximate values for d to be 
219 calculated. See Roy et al. (2011) for further details.
220 2.7. Photosynthesis-Irradiance (PE) parameters
221 The protocol for the determination of PE parameters is described in Irwin (1990), 
222 Kyewelganga et al. (1997) and Bouman et al. (2005). Seawater samples were collected at the 
223 surface and at the chlorophyll maximum based on the in vivo fluorescence profile obtained 
224 from CTD casts. Thirty bottles were inoculated with 185 to 370 kBq (5 to 10 µCi) of 14C-
225 labelled bicarbonate and incubated for 2-3 hours. After the incubation, the seawater was 
226 filtered through 25 mm glass fibre filters (Whatman GF/F) at a vacuum pressure of < 200 mm 
227 Hg. The filters were exposed to concentrated HCl fumes to remove any inorganic carbon 
228 present, immersed in scintillation cocktail and the disintegration time per minute of 14C was 
229 counted on a liquid scintillation counter. The PE parameters,  and B, were estimated by 
230 fitting the data to the model of Platt et al. (1980). The quantum yield of photosynthesis ( m) 
231 was calculated as:
232 m = 0.0231 /  (400-700) (3)
B
233 where  (400-700) is the mean Chl a-specific absorption coefficient of phytoplankton, between 
234 400 and 700 nm, and the constant 0.0231 in the numerator converts grams to moles and hours 
235 to seconds.
236 2.8. Statistical analysis
237 To examine physiological and ecological trends of phytoplankton communities, 
238 hierarchical cluster analysis was deployed using HPLC indicator pigment data and Ward’s 
239 minimum variances clustering (Fig. 2). 
240 This is an agglomerative procedure where initially all points are considered singly, and 
241 merged in such a way to minimise the error sum of squares. The number of clusters was 
242 determined as the point where adding extra clusters caused the error sum of squares to 
243 increase. The analysis was implemented in the statistical software R via the function “hclust” 
244 as part of the “stats” package 2.5.1 (http://cran.r-project.org). Effects of variations in total 
245 biomass were eliminated by using chlorophyll-normalised pigment concentrations. Data were 
246 plotted using package “ggplot2” version 0.8.9, and mapping package “Ocean data view” 
247 version 4. To run the cluster analysis it is necessary to have all pigments present in the 
248 sample, even at low concentrations, for the full matrix to be computed. Trends between 
249 phytoplankton community clusters, MESD, photosynthetic rates and environmental 
250 parameters were visualised as running averages and analysed using linear regressin using ‘R’.
251
252 3. Results
253 3.1.  Classification of phytoplankton communities.
254 Ward’s minimum variance hierarchical clustering was used to classify the phytoplankton 
255 communities. The technique was applied to phytoplankton pigment concentrations 
256 normalised to Chl a, which characterised 8 principal clusters (Fig. 2) with distinctive pigment 
257 signatures (Fig. 3) size ranges (Fig. 4) PE parameters, and temperature and stratification 
258 indices (Fig. 5). Clusters 2 and 6 had the highest Chl a and fucoxanthin per unit Chl a, the 
259 largest mean cell size,  and the water masses associated with these clusters had the lowest 
260 mean temperature and stratification index. These clusters correspond with spring diatom 
261 populations (Fig. 3). Cluster 1 also had a relatively high fucoxanthin per unit Chl a 
262 concentration, though the mean equivalent spherical diameter (MESD) was lower than for 
263 cluster 2 and 6 (Fig. 4). This cluster represents a mixed assemblage of diatoms and 
264 prymnesiophytes. The phytoplankton community associated with Cluster 3 had a small mean 
265 cell size, with moderate to high zeaxanthin per unit Chl a, high B and low m values, which 
266 is indicative of picophytoplankton. Cluster 4 phytoplankton assemblage had high zeaxanthin 
267 and Chl b per unit Chl a indicative of picophytoplankton, the lowest MESD and m, high  
268 and the water mass associated with this cluster also had a high mean mixed-layer PAR. 
269 Cluster 4 also had high concentrations of DVchl-a which is a key indicator of 
270 Prochlorococcus. Cluster 5 occurred when PAR was low and is characterised by high 
271 concentrations of Chl b, Chl c, 19'-hex, 19'-but,  per unit Chl a, which is indicative 
272 of flagellates. Clusters 7 and 8 occurred during high stratification, and were characterised by 
273 high concentrations of alloxanthin per unit Chl a, indicating the presence of cryptophytes or 
274 photosynthetic ciliates such as Mesodinium spp.. Cluster 8 also had very high levels 
275 concentrations of peridinium per unit Chl a.
276
277 3.2.Seasonal succession in Phytoplankton communities and size. 
278 In early spring when the stratification index was low, clusters 6 and 2 were the most 
279 abundant and are, indicative of diatom blooms , were the most abundant (Fig. 6). Both of 
280 these communities then declined from Julian day 150 onwards when the stratification index 
281 increased and pico and nanoeukaryote assemblages, represented by clusters 3 and 4, became 
282 dominant (Fig. 6). During this period, cluster 1, the mixed assemblage of diatoms and 
283 prymnesiophytes, was also present. By Julian day 250, clusters 3 and 4 decreased rapidly and 
284 cluster 1 also declined and the dinoflagellate-dominated cluster 8 became more abundant. By 
285 Julian day 275 these assemblages were replaced by flagellates dominated clusters 5 and 7, 
286 which peaked on Julian day 300 and then declined by day 325, when the phytoplankton 
287 comprised a mixed assemblage of clusters 1, 3, 4 and 8. By winter around Julian day 350, as 
288 the stratification index became lower, clusters 3 and 4 decreased again, while cluster 5 
289 reappeared (Fig. 6). 
290 MESD was the highest in spring, decreased during the summer months, and then 
291 increased again in the autumn, though not to the same extent as in spring (Fig. 7c). Over all 
292 seasons, there was a significant positive correlation between MESD and total Chl a (F1,1391 = 
293 570, R2 = 0.29, p < 0.0001; data not shown) and a significant negative correlation with the 
294 photosynthetic parameters (Table 3). There was also a significant negative correlation 
295 between MESD and temperature (F1,1052 = 259.5, R2 = 0.20, p < 0.0001; Fig 7a, Table 3) and 
296 the stratification index (F1,1051 = 176, R2 = 0.14, p < 0.0001; Fig 6b, Table 3). 
297 3.3.Seasonal succession in photosynthetic rates. 
298 During spring, clusters 3 (pico & nanoeukaryotes), 4 (pico & nanoeukaryotes) and 7 
299 (flagellates) had the highest  (3, 3 and 3.5 mg C mg Chl a-1 hr-1, respectively; Fig. 8a). 
300 During this period there seemed to be an anti-correlation with the dominant community since 
301 these clusters were in low abundance. In spring, clusters 1, 2 and 6 (all diatom dominated 
302 communities) were the most abundant but had the lowest  (<2, 2.5 and <1.5 mg C mg Chl 
303 a-1 hr-1, respectively). By July (JD 210), clusters 4 and 7 continued to have the highest  
304 values, which had increased to 5 and 4 mg C mg Chl a-1 hr-1, respectively. Clusters 1 and 2 
305 continued to have the lowest   values which had also increased slightly to 2.2 and 2.7 mg 
306 C mg Chl a-1 hr-1, respectively. By September (JD270), clusters 4 and 7 reached their  
307 maxima (6.6 and 5.9 mg C mg Chl a-1 hr-1, respectively) and for clusters 5 (flagellates) and 8 
308 (dinoflagellates),  values were >4.2 mg C mg Chl a-1 hr-1. During this period, cluster 3 
309 reached the lowest   values (<1.5 mg C mg Chl a-1 hr-1). During the winter (JD360), 
310 cluster 5 had the highest values (>6 mg C mg Chl a-1 hr-1) and cluster 1, which dominated the 
311 biomass, also reached its highest  (4 mg C mg Chl a-1 hr-1; Fig. 8a).  
312 For B in spring, all clusters exhibited similarly low values (0.01 – 0.03 mg C (mg Chl 
313 a)-1 h-1), with cluster 6 having slightly lower values and cluster 4 having higher values 
314 compared to the overall mean (Fig. 8b). From spring to summer, there was an increase in B 
315 associated with each cluster which reached a peak in later summer. B then started to diverge 
316 in June (JD170) when cluster 5 had the lowest values and cluster 7, the highest. B continued 
317 to diverge in late summer (JD270) when clusters 1 & 7 were between 0.06 & 0.08 mg C (mg 
318 Chl a)-1 h-1, whereas clusters 3 & 8 only reached 0.02 mg C (mg Chl a)-1 h-1 (Fig. 8b). 
319 Similarly, m was low in spring and increased in summer when clusters 5 and 8 reached 
320 maximum values (Fig. 8c).
321  and B were lower when MESD was high when clusters 1, 5 and 7 dominated, and 
322 were highest as MESD decreased when clusters 2, 3, 4 and 6 dominated (Fig. 7b, d). By 
323 contrast, m exhibited the opposite trend and was higher when MESD was high and lower as 
324 MESD decreased (Fig. 7f). Similarly, and B increased with increasing temperature and  
325 stratification index up to 20 °C and 0.1 stratification index when clusters 2, 3, 4 and 6 
326 dominated (Fig. 9a, b). For all data, there were significant relationships between and B  
327 and temperature, stratification index and PAR (Table 3). m  showed a slightly different 
328 pattern with a peak both in spring at ~2 °C, when the water column was still mixed, and in 
329 summer at 12 °C when the stratification index was 0.1 (Fig. 9g, h). Though there was a 
330 significant correlation between m and PAR, there was no significant correlation between m 
331 and temperature and stratification index (Fig. 9c, f, i,  Table 3). . 
332
333 4. Discussion
334 4.1. Phytoplankton community classification, size, succession and seasonality using bio-
335 optical proxies.
336 Microscopy has been routinely used to characterise and enumerate phytoplankton 
337 since the 1950’s (Utermöhl, 1958). Using this technique alone, very small phytoplankton (<3 
338  can be difficult to identify. Flow cytometry has therefore been deployed to identify small 
339 size phytoplankton (e.g. Moore et al., 2009). More recently, DNA and 18S rRNA probes have 
340 been used to quantify the abundance of picophytoplankton (e.g. Lie et al. 2014, Orsi et al. 
341 2018). Signatures of phytoplankton pigments have also been used since the 1990’s to 
342 elucidate the community structure of phytoplankton (e.g. Mackey et al. 1998). Automated 
343 HPLC allows for the rapid processing of pigments to determine phytoplankton groups, and a 
344 number of techniques have been developed to determine phytoplankton taxa from pigment 
345 signatures including CHEMTAX and pigment clusters (Mackey et al., 1998). In coastal 
346 waters there is generally good agreement between microscopy and HPLC pigment methods to 
347 derive phytoplankton community structure (Mackey et al. 1998). In Open Ocean oligotrophic 
348 waters, there was good agreement between the two techniques in the upper ocean, but 
349 disagreement between the two methods in deeper water samples has been reported due to 
350 depth-dependent changes in cellular pigment content and accessory pigment-to-chlorophyll 
351 ratios (Andersen et al. 1996). Brewin et al. (2014) compared HPLC and size fractionated 
352 filtration methods of deriving different phytoplankton groups and found that HPLC methods 
353 tended to under-estimate Chl a of picoplankton and over-estimate Chl a of 
354 nanophytoplankton compared to size filtration methods. 
355 Lohrenz et al. (2003) used phytoplankton pigments to characterize size structure and 
356 community composition in relation to different water masses in Chesapeake Bay, USA and 
357 found that high salinity water was associated with hHaptophytes and dinoflagellates and low 
358 salinity water was associated with large diatoms. Similarly, Hill et al. (2005) used pigment 
359 ratios to identify successional trends in phytoplankton assemblages and found that large-sized 
360 fucoxanthin containing phytoplankton were associated with the higher primary production. 
361 None of these studies have used time series of phytoplankton pigments to elucidate 
362 climatological changes in community structure. 
363 The successional trends that we observed are consistent with previous studies in the 
364 North Atlantic Ocean (Barlow et al., 1993, Lochte et al., 1993, Li 2002, Bouman et al., 2003). 
365 We found that MESD is large during spring, which is associated with high concentrations of 
366 fucoxanthin, predominantly from clusters 2 and 6, implying diatom dominance, when 
367 stratification is absent (Fig. 8), which has also been observed by Dandonneau & Niang 
368 (2007). Clusters 2 and 6 appear almost identical in terms of size, with the only visible 
369 difference being the higher concentration of  in cluster 6.  plays an 
370 important role in photo-protection (Llewellyn et al., 2005), but mean mixed-layer PAR was 
371 higher for cluster 2 compared to cluster 6. Chlorophyll-normalised  concentrations 
372 can be highly variable between different diatom species grown at the same irradiance (Dimier 
373 et al. 2007), which may partially explain this trend. There was a successional change from 
374 diatoms (Clusters 2 and 6) to a mixed assemblage of diatoms and prymnesiophytes (Cluster 
375 1), followed by small eukaryotes with high concentrations of 19'-hex and 19'-but (Clusters 3 
376 and 4) to nanoflagellates identified by Clusters 5 and 7 and finally dinoflagellates (Cluster 8). 
377 Cluster 1 had a lower MESD and very high chl-a-normalised concentrations of chl-c1, c2 and 
378 c3 unlike the other two fucoxanthin-dominated clusters (2 and 6), though there were no 
379 differences in the degree of stratification between these clusters. This decrease in MESD as 
380 the season progressed has also been observed in the seasonal succession of this and similar 
381 areas (Margalef 1978; Barlow et al., 1993; Lochte et al., 1993; Savidge et al., 1995; Irigoien 
382 et al., 2004; Llewellyn et al., 2005). The most difficult part of the annual succession to 
383 characterise using diagnostic pigments is the transition from diatoms to prymnesiophytes, 
384 which can both contain fucoxanthin. For Cluster 1, the association of fucoxanthin with 
385 chlorophylls-c1, c2 and c3 is more indicative of Phaeocystis than diatoms (Vaulot et al., 
386 1994).  In addition, there were 2 clusters identified with similar picophytoplankton 
387 populations. Cluster 3 is characterised by pico and nanoeukaryote pigment signatures. Cluster 
388 4 has more cyanobacterial lineages as indicated by the presence of divinyl chlorophylls and 
389 zeaxanthin. This shift in picophytoplankton community structure across oceanographic has 
390 been reported more widely in global datasets (e.g. Bouman et al. 2011).
391
392 4.2. Coupling between phytoplankton clusters, photosynthetic rates and environmental 
393 parameters.
394 An increasingly accepted paradigm is that marine phytoplankton communities are formed 
395 from a background of smaller cells to which larger cells are added under conditions 
396 favourable for growth, which increases Chl a and PP (Chisholm,1992; Li, 2002). In the 
397 reverse direction, when the phytoplankton community becomes dominated by smaller cells, 
398 Chl a and PP tend to decrease. The classic theory is that winter mixing followed by 
399 stratification often results in high Chl a, photosynthetic rates and primary production 
400 associated with microphytoplankton dominated by diatoms (Sverdrup, 1957). As 
401 stratification intensifies, PAR and temperature also increase, but nutrients tend to decrease. 
402 and Tthe phytoplankton community then becomes dominated by nano and 
403 picophytoplankton, resulting in a decrease in Chl a, photosynthetic rates and primary 
404 production (Beardall et al. 2009). This has been shown in the North Atlantic, during the 
405 progression of the spring bloom from diatoms to flagellates which is associated with lower 
406 maximum photochemical quantum efficiency and higher absorption cross section of 
407 photosystem II, which and corresponds with a decrease in cell size, a decrease in nutrients 
408 and increasing stratification (Moore et al. 2005). Similarly in the upwelling regions off Baja 
409 California and the NW Iberian Peninsula, periods of high stratification are associated with a 
410 decrease in photosynthetic rates and primary production (Gomez-Ocampo et al., 2017; 
411 Tilstone et al., 2003).
412 A dichotomy exists around the community structure, cell size and the rate with which 
413 carbon is transferred through the ecosystem. Since smaller celled phytoplankton have a 
414 higher surface to volume ratio than larger cells, they have a greater ability to take up nutrients 
415 and absorb light, which could result in a higher photosynthetic efficiency (Cermeno et al., 
416 2005). Under high nutrient concentrations and light however, large sized phytoplankton can 
417 attain higher Chl a normalized photosynthetic rates than smaller phytoplankton (Legendre et 
418 al. 1993; Tamigneaux et al. 1999), which suggests a higher physiological efficiency 
419 compared to smaller cells (Cermeno et al., 2005). There are an increasing number of studies 
420 however, that report an increase in photosynthetic rates and primary production during high 
421 stratification when nano and picophytoplankton dominate. In the North Pacific Subtropical 
422 Gyre for example, climate warming is associated with a shift in phytoplankton communities 
423 towards nano eukaryotes, and an increase in both Chl a and primary production even though 
424 dissolved silicate and phosphate have decreased (Karl et al. 2001). Similarly, in the Bay of 
425 Biscay,  is reported to be higher at the surface during summer when picophytoplankton 
426 dominate, which are positively correlated with stratification (Moran, 2007) and higher  
427 was correlated with low diatom abundance (Moran and Sharek, 2015). By comparison, 
428 during cruises in spring and summer, PP decreased with increasing vertical stratification in 
429 the Mediterranean Sea (Estrada et al. 2014), but the relationship could be negative (during 
430 March), positive (during March and May) or non-existent (during September) depending on 
431 the time of year. Morán and Estrada (2005), reported that average PBm increased from  
432 winter to late-spring and summer, which was caused primarily by a change in the 
433 phytoplankton composition from relatively large to small cells. For all data, we found 
434 positive and significant correlations between B and temperature and stratification index , 
435 indicating that in the NW Atlantic photosynthetic rates increase with temperature and water 
436 column stratification. 
437 The variability in photosynthetic rates seems to be regional. For example, dDiatoms 
438 are reported to have the highest photosynthetic rates especially in upwelling zones due to 
439 replete light and nutrients (Babin, et al., 1996; Lorenzo, et al., 2005). In the open ocean, 
440 filamentous and colonial cyanobacteria, that have the ability to fix nitrogen, are also reported 
441 to have high photosynthetic rates (Li et al., 2011). Picophytoplankton is also reported to have 
442 high photosynthetic rates in some coastal and shelf seas (deMadariaga & Joint, 1994; Barnes, 
443 et al., 2014; Moran & Sharek, 2015; Platt et al., 1983). 
444 In our analysis in the NW Shelf waters of the Atlantic, we found that pico and 
445 nanoeukaryotes had the highest photosynthetic rates and diatom dominated communities had 
446 the lowest rates. This is similar to the findings of Tilstone et al. (1999) in the NW Iberian 
447 Peninsula who showed that although microphytoplankton dominate the phytoplankton 
448 community, the highest and most variable photosynthetic rates areis due to 
449 nanophytoplankton. In a temperature coastal ecosystem, Xie et al. (2015) showed that the 
450 succession from nanoeukaryotes (including Phaeocystis sp.) to dinoflagellates resulted in an 
451 increase in photosynthetic rates that is also associated with changes in temperature and 
452 nutrient regimes. By contrast, Mangoni et al. (2017) found in the Ross Sea that a diatom 
453 community dominated by Pseudo-nitzschia spp. had the highest photosynthetic  rates whereas 
454 haptophytes had lower rates. Other studies have shown that small and subtle changes in 
455 phytoplankton community composition can result in high variability in photosynthetic rates. 
456 For example, Segura et al. (2013) found that in the Argentine Sea high variability in bio-
457 optical and photosynthetic parameters due to adaptation to heterogeneous and highly 
458 dynamics environmental conditions. A community dominated by dDiatoms and coccal cells 
459 had the highest photosynthetic rates, whereas dDiatoms and Emiliana huxlyei had 
460 significantly lower rates.
461 All clusters except cluster 5 displayed positive relationships between m and size (Fig 
462 8a), indicating higher photosynthetic efficiency as size increases, possibly due to 
463 compensation for a decrease in the efficiency of light-harvesting. It could also be the result of 
464 larger values in MESD associated with high nutrient concentrations, which can increase m 
465 (Babin et al., 1996). This contrasts with the findings of Geider & Osborne (1986) who 
466 observed no variation in m in relation to changes in light regime or species. Finkel (2001) 
467 and Ignatiades et al. (2002) also reported that m decreases as cell size increases. We found a 
468 negative relationship between m and mean daily mixed-layer PAR for clusters 1, 4, 7 and 8 
469 (Fig. 9b), which could be due to an increase in the concentration of photo-protective pigments 
470 (  et al., 2002, Babin et al., 1996). Since light absorbed by photo-protective 
471 pigments is dissipated as heat, less energy is used for carbon fixation, and so theoretically m 
472 can decrease. For all data, both , B and m showed a significant negative correlation with 
473 PAR (Table 3), indicating photo-acclimation to low light and photo-inhibition at high 
474 irradiance. Negative relationships between mean daily PAR in the mixed layer and B were 
475 specifically observed for clusters 1, 4, 7 and 8 (Fig. 9f). Clusters 2, 3, 5 and 6, however, 
476 showed no such response. The mean values for B in these clusters are lower than those for 
477 clusters 1, 4, 7 and 8 which did show a relationship between B and mean daily mixed-layer 
478 PAR (Fig. 53, 9f). Given that the production of light-harvesting pigments is energetically 
479 costly for phytoplankton (Raven 1984, Geider et al., 1996), cells that are subjected to higher 
480 irradiances invest less energy in the synthesis of light-harvesting pigments, and B can 
481 become lower. Alternatively the relationships may be the result of a reduction of functional 
482 photosynthetic reaction centres due to photo-inhibition (Long et al., 1994), or nutrient stress 
483 (Babin et al., 1996). 
484 Using this cluster technique to characterise the phytoplankton community succession, we 
485 were able to simultaneously characterise changes in size, environmental conditions and 
486 photosynthetic parameters. As proof-of-concept, a robust relationship between MESD from flow 
487 cytometry and absorption coefficients for the Scotian Shelf has been previousoly reported in Bouman 
488 et al. (2003).  and B were highest when MESD was low, when nano and 
489 picophytoplankton dominated and when temperature (~20 °C) and stratification index (0.1) 
490 were high. These successional patterns in the dominant phytoplankton size-class and 
491 phenology support Margalef's (1978) mandala in terms of the relationship between turbulence 
492 and community structure. The study sheds new light on assemblages dominated by smaller 
493 cells, under warm, stratified conditions, having higher photosynthetic efficiencies, which has 
494 implications for the carbon flux on the NW Atlantic shelf. 
495 Conclusion.
496 Using a dataset of HPLC phytoplankton pigments and phytoplankton absorption 
497 coefficients from the North West Atlantic, trends in phytoplankton distribution and 
498 succession were discerned. Cluster analysis on Cchlorophyll -a -normalised accessory 
499 pigment concentrations revealed 8 distinct populations of phytoplankton with succession 
500 between the clusters dictated by seasonality and stratification. Fucoxanthin-dominated 
501 clusters, indicating the presence of diatoms, dominated in spring when turbulence was high. 
502 As stratification increased, MESD decreased and picophytoplankton increased, while in 
503 autumn, the strength of stratification decreased, and flagellates increased in importance. High 
504 values of MESD were associated with high Chl a concentrations, and a highly mixed water-
505 column, in early spring, while smaller cells were observed during the summer, when the 
506 water-column was strongly stratified. For all except one cluster, a significant positive 
507 relationship between MESD and m was observed, reflecting greater quantum efficiency as 
508 the efficiency of light absorption decreased due to self-shading. Negative relationships were 
509 also observed between B and mean mixed layer PAR during high stratification. Assemblages 
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836 Fig. 1. Station locations in the North Atlantic used for cluster analysis of HPLC 
837 phytoplankton pigment data.
838 Fig. 2. Results of Ward’s hierarchical cluster analysis using chlorophyll-normalised HPLC 
839 pigment concentrations. (a) Descent curve showing clear elbow at 8 clusters. (b) Dendrogram 
840 showing Euclidian distances between samples, with cluster numbers.
841 Fig. 32. Boxplots showing (ai) Percentage of total Cchl-a which is divinyl, (bj) Chl-a 
842 normalised chl-b, (ck) Chl-a normalised combined chl-c1 and chl-c2, (dl) Chl-a normalised 
843 -carotene,  (em) Chl-a normalised chl-c3, (fn) Chl-a normalised fucoxanthin, (go) Chl-a 
844 normalised peridinin, (hp) Chl-a normalised alloxanthin, (iq) Chl-a normalised 19’-
845 butanoyloxyfucoxanthin, (jr) Chl-a normalised  19’-hexanoyloxyfucoxanthin, (ks) Chl-a 
846 normalised zeaxanthin.
847 Fig. 43. Density plots of the size distributions of different phytoplankton populations from 
848 hierarchical cluster analysis on chlorophyll normalised HPLC pigment concentrations. Lines 
849 coloured according to cluster. Cluster 1: red, 2: green, 3: dark blue, 4: light blue, 5: purple, 6: 
850 yellow, 7: grey, 8: pink. Size structure estimated using absorption at 676nm.
851 Fig. 54. Boxplots showing photosynthetic parameters and chlorophyll normalised HPLC 
852 pigment concentrations for the different clusters. (a.) Total chlorophyll-a ( g/l), (b.) 
853 Temperature (oC), (c.) Photosynthetically active radiation (E m -2 d -1), (d.) m (E m -2 d -1), (e.) 
854  (mgC (mg chl-a)-1 h-1), (f.) B (mg C (mg chl-a)-1 h-1 mol quanta m-2 s-1)-1, (g.) Mean 
855 equivalent spherical diameter from absorption ( m), (h.) Stratification index, defined as the 
856 difference between samples temperature and climatological prediction for the temperature at 
857 100m / offset in depth (oC m-1), (i.) proportion of divinyl Chl a. 
858 Fig. 65. (a) Proportion of samples in each cluster with respect to Julian day in North West 
859 Atlantic Shelfves Province as defined by Longhurst et al. (1995). Clusters assigned using 
860 hierarchical cluster analysis on Cchl-a normalised HPLC pigments. (b) Proportion of samples 
861 in each cluster with respect to the degree of stratification in the North West Atlantic Shelves 
862 Province as defined by Longhurst et al. (1995). Clusters assigned using hierarchical cluster 
863 analysis on chl-a normalised HPLC pigments. Stratification index is defined as the difference 
864 between sample temperature and climatological prediction for the temperature at 100 m 
865 divided by the offset in depth.
866 Fig. 76. Relationship between mean equivalent spherical diameter and environmental and 
867 biological variables; (a.) temperature, (b.) , (c.) Julian Day, (d.) B, (e.) stratification index, 
868 (f.) m. Points are coloured according to phytoplankton cluster as assigned using chlorophyll 
869 normalised hierarchical cluster analysis. Cluster 1: red, 2: green, 3: dark blue, 4: light blue, 5: 
870 purple, 6: yellow, 7: grey, 8: pink. Black line is the running average of all points.
871 Fig. 87. Relationship between (a.) maximum photosynthetic rate ( ; mg C mg Chl a-1 hr-1), 
872 (b.) light limited slope of photosynthesis ( B (mg C (mg chl-a)-1 h-1 mol quanta m-2 s-1)-1) (c.) 
873 maximum quantum yield ( m (E m -2 d -1)) for each cluster and time of the year (Julian Day). 
874 Coloured Coloured liness areare the running average for each clustereach cluster.
875 Fig. 98. Relationship between  (mg C mg Chl a-1 hr-1) and (a.) temperature, (b.) 
876 stratification index, (c.) mean PAR in the mixed layer (E m -2 d -1);  B (mg C mg chl-a)-1 h-1 
877 µmol quant m-2 s-1)-1 and (d.) temperature, (e.) stratification index, (f.) mean PAR in the 
878 mixed layer (E m -2 d -1);  and m (mol C (mol quanta)-1), (g.) temperature, (h.) stratification 
879 index, (i.) mean PAR in the mixed layer (E m -2 d -1). Points are coloured according to 
880 hierarchical cluster analysis on chlorophyll normalised HPLC pigments. Solid line is the best 
881 fit through all data. Black line is the running average of all points.
882 Table 1. Summary of key cluster properties, showing sample temperature, depth, day of year, 
883 total HPLC chl-a, PE parameters, quantum yield ( m), mean-specific absorption between 350 
884 and 700 nm ( ). Mean phytoplankton MESD was estimated using phytoplankton absorption 
885 coefficients (Roy et al. 2011). 
886 Table 2. Summary of pigments present in the different clusters and ecological implications. 
887 Table 3. Statistical relationships between environmental variables and (A.) mean equivalent 
888 spherical diameter, (b.) photosynthetic rates using linear regression. R2 is the coefficient of 
889 variation, F is the mean square to mean square error ratio, df denotes the degrees of freedom 
890 and P is the critical significance value.
891 Statistical relationships between environmental variables and (A.) mean equivalent spherical 
892 diameter, (b.) photosynthetic rates. 
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18 Abstract
19 The biological dynamics of pelagic marine ecosystems are strongly influenced by the size 
20 structure and ecological succession of phytoplankton, which in turn modifies photosynthetic 
21 efficiency. Variability in photosynthetic rates is closely coupled with changes in community 
22 structure, but it is difficult to obtain coincident data at high enough resolution to characterise 
23 these changes. In this study, we employ hierarchical cluster analysis on chlorophyll-
24 normalised high performance liquid chromatography (HPLC) pigment concentrations from 
25 the North West Atlantic shelf, to identify seasonal successional trends amongst 
26 phytoplankton populations. Changes in phytoplankton community were also analysed as a 
27 function of mean equivalent spherical diameter (MESD) derived from absorption 
28 measurements, photosynthetic rates, water-column stratification and temperature. Well-mixed 
29 conditions in spring to early summer were associated with populations of large cells 
30 containing high concentrations of fucoxanthin, chlorophyll-c1 and chlorophyll-c2 relative to 
31 chlorophyll-a (Chl a). As stratification increased over the course of the summer, these cells 
32 were replaced by populations dominated by chlorophyll-b, 19'-hexanoyloxyfucoxanthin, 19'-
33 butanoyloxyfucoxanthin and divinyl chlorophyll-a, indicative of small picophytoplankton. As 
34 stratification decreased in autumn, MESD and alloxanthin increased, suggesting the presence 
35 of cryptophytes. Positive relationships were found between MESD and the quantum yield of 
36 photosynthesis ( m) for 7 out of the 8 phytoplankton clusters identified, while negative 
37 relationships between mean mixed layer photosynthetically active radiation and m and the 
38 light limited slope of photosynthesis ( B) were observed for 4 clusters, as a result of nutrient 
39 limitation and photo-protection. The highest photosynthetic rates were associated with a pico 
40 & nanophytoplankton communities, which increased from spring to late summer as 
41 stratification intensified. By contrast, diatom communities had the lowest photosynthetic rates 
42 throughout the year. These successional patterns in the dominant phytoplankton size-class 
43 and phenology support Margalef's mandala in terms of the relationship between turbulence 
44 and community structure. The study sheds new light on assemblages dominated by smaller 
45 cells, under warm, stratified conditions, having higher photosynthetic efficiencies, which has 
46 implications for the carbon flux on the NW Atlantic shelf.
47
48 1. Introduction
49 The ecological functioning of marine phytoplankton communities is strongly influenced by 
50 the species present and their size (Chisholm 1992, Raven 1998). There are more than 5000 
51 species in the global ocean, which have a 1000 fold range in cell size (Jiang et al., 2005). In 
52 the North Atlantic, cell size varies from ~0.6  to >1000  which is highly correlated 
53 with seasonal changes in water column stratification (Kiørboe 1993). Large phytoplankton, 
54 especially diatoms, thrive in turbulent and partially mixed waters that are rich in nitrate, 
55 which facilitates rapid assimilation of nutrients and carbon fixation (Pahlow et al., 1997). 
56 Smaller cells that comprise the picophytoplankton, tend to inhabit nutrient poor, stratified, 
57 oligotrophic regions which are highly stratified (Munk and Riley,1974; Malone, 1977). 
58 Margalef (1978) proposed a mandala to divide phytoplankton groups according to the levels 
59 of turbulence and nutrient availability. 
60 Phytoplankton productivity in the North Atlantic accounts for ~50% of the global 
61 ocean production (Wassmann, 1990), which has huge implications for the ocean biological 
62 carbon pump (Daniels et al., 2015). The classic theory of succession in this region is that 
63 spring bloom forms as the winter mixed-layer shoals, exposing high nutrient concentrations 
64 in the surface layers to light as incident irradiance and day length increase (Sverdrup, 1957). 
65 The spring bloom is often dominated by diatoms, which are replaced by nanophytoplankton 
66 as nutrients become depleted (Margalef, 1978). Different hydrographic circulation patterns 
67 can modulate the recycling and regeneration of nutrients in the euphotic zone which can lead 
68 to successional changes in pico, nano and microphytoplankton (e.g. Clarke et al. 2016). New 
69 methods of detection of phytoplankton functional types from satellite data similarly illustrate 
70 an annual succession between diatoms, nanophytoplankton and Prochlorococcus (Alvain et 
71 al. 2008). These successional changes modify the biological carbon pump between a net sink 
72 and source of CO2 to the atmosphere (Cloern 1996). The succession in phytoplankton is 
73 intricately linked to changes in nutrient concentrations (Behrenfeld et al., 2004), temperature 
74 (Claquin et al., 2008) and light (Anning et al., 2000). More recently, the contribution of 
75 picophytoplankton to carbon export has been revaluated to show that it is proportional to their 
76 net primary production despite their small size (Richardson & Jackson, 2007). Both in the 
77 Global Ocean and the North East Atlantic, Synechococcus sp. are strongly associated with 
78 export flux of carbon to depth and are commonly found in aggregates found in trap samples 
79 in the deep ocean (Waite et al., 2000; Guidi et al., 2016). Future changes in ocean 
80 acidification and de- or eutrophication to shelf seas could impact the local phytoplankton 
81 succession and therefore carbon flow through the ecosystem (Flynn et al. 2015). The effect of 
82 changes in phytoplankton community structure on photo-physiology can often be greater than 
83 the effect of variations in nutrients (Chauton et al. 2004). To fully understand the impact that 
84 succession in phytoplankton community structure has on photosynthesis, it is important to 
85 characterise in detail coincident changes in phytoplankton size, structure and photo-
86 physiology over many years to build up a climatological perspective of how these parameters 
87 are coupled. 
88 While phytoplankton size and community structure are of vital importance to 
89 understanding the pelagic environment, they are difficult to measure. Phytoplankton 
90 populations in the field rarely, if ever, consist of monocultures of a single size. For scaling up 
91 from individual cells to ecosystem structure, it is important to characterise the range in 
92 phytoplankton size and its succession under dynamic changes in hydrographic conditions 
93 which modulate community structure (Margalef, 1978). 
94 Enumeration of phytoplankton community structure by light microscopy has 
95 traditionally provided the necessary data to assess successional changes, however this can be 
96 prohibitively time consuming and costly (Nair et al., 2008). In addition, it is not possible to 
97 accurately determine both nano and picophytoplankton using conventional light microscopy. 
98 A number of alternative approaches to estimating both phytoplankton community size and 
99 structure have been derived to provide rapid quantification of phytoplankton community 
100 dynamics. These include Flow Cytometry for enumerating cell sizes of 1 to 20  (Moore et 
101 al., 2009), Flow Cytometer And Microscope (FlowCAM) which is an automated technique 
102 that combines both flow cytometry and microscopy (Sieracki et al. 1998) and imaging 
103 FlowCytobot (IFCB) which combines video and flow cytometric technology to capture 
104 images of nano and microphytoplankton over the size range from 10 to >100  (Olson et al. 
105 2003). Each method has its merit or disadvantage (Alvarez et al. 2011, 2014, Garmendia et al. 
106 2013, Jakobsen and Carstensen 2011), and even though they have been deployed for >20 yrs 
107 they still do not represent a direct replacement for microscopy. Alternatively, indirect 
108 measurements of size can be made by identifying phytoplankton taxonomic groups using 
109 fluorescence in-situ hybridisation (FISH) probes (Groben et al., 2004), or accessory pigment 
110 concentrations as measured using high performance liquid chromatography (HPLC). Reliable 
111 means of estimating phytoplankton size and community structure from optical proxies 
112 potentially represent a quick and reliable technique to decipher changes in succession. 
113 Changes in phytoplankton signatures, ratios or clusters have been used to evaluate a wide 
114 range of ecosystem processes including changes in size classes and production (Brewin et al., 
115 2017), export of biomass from the photic zone (Guidi et al. 2009) and the effects of 
116 environmental forcing on microbial structure (Riegmann & Kraay 2001; Lohrenz et al. 2003). 
117 Such techniques can also be applied to remotely-sensed ocean colour data (Uitz et al. 2008). 
118 Alternative measurements of phytoplankton size can also be obtained from the specific 
119 absorption coefficient of phytoplankton (e.g. Roy et al., 2011). 
120 In this paper we apply optical proxies to a large dataset comprising ~1500 samples 
121 from the North West Atlantic shelf, to identify successional trends in phytoplankton size and 
122 community structure. Unsupervised hierarchical cluster analysis on phytoplankton pigment 
123 data, in conjunction with absorption coefficients to estimate size-class, are used to 
124 characterise seasonal trends in photosynthetic parameter during the succession of different 
125 phytoplankton assemblages.
126
127 2. Material and methods
128 2.1. Study area.
129 The study is based on data from a large number of cruises from the North West Atlantic Shelf 
130 Province, as defined by Longhurst et al. (1995). The stations sampled were between 21.8 o N 
131 to 62.2 o N, 40 to 65 W and with the majority from 43.2 o N to 48.6 o N. These data were 
132 collected over 8 years from 1997 to 2005 in March 1996, 1999; April 1997, 1998, 2000, 
133 2003; May 1996, 1997, 2000; June 1997, 1998, 1999, 2000, 2001, 2002; July 1998, 1999, 
134 2002, 2003; August 2003; September 1996; October 1996, 1997, 1999, 2000, 2001, 2002; 
135 November 1997, 1999, 2001; December 2002, 2003. The number of samples analysed per 
136 day over a yearly cycle is given in Robinson et al. (2018; see Fig. 2). Data was also obtained 
137 for the polar regions, the Westerlies Domain and the Trade Winds Regime (Fig. 1). A total of 
138 1398 samples were analysed for the determination of HPLC phytoplankton pigments, of these 
139 1385 samples were analysed for phytoplankton absorption coefficients (aph) and 
140 photosynthesis-irradiance (PE) curves were determined on 726 of the samples.
141 2.2.  Sampling regime.
142 Vertical profiles of temperature were obtained from CTD casts. Water samples were obtained 
143 using Niskin bottles from the surface to a maximum depth of 170 m, with 95% from depths 
144 of 50 m or less for measurements of biological, physiological and optical properties of 
145 phytoplankton. From the 1398 samples collected, 945 were from <10 m depth.
146 2.3. Derivation of in water properties from climatology.
147 Hydrographic Temperature and photosynthetically-active radiation (PAR) were measured on 
148 each cruise. Climatological data from MODIS-Aqua were used to generate daily PAR (which 
149 is not available from point measurements) and from the World Ocean Atlas (WOA) for the 
150 stratification index using a reference depth of 100m which was sufficiently deep that the 
151 inter-annual variability will be small. The stratification Index was calculated from:
152 S = (Ts – T100) / (100 – zs) (2)
153 Where S is the stratification index, Ts is the temperature of a sample, T100 is the 
154 climatological temperature at of the sample at 100m, and zs the depth of the sample.
155 Average surface irradiance was estimated using MODIS-Aqua monthly climatology 
156 (OceanColour level 3) which was combined with estimates of the vertical attenuation 
157 coefficient from Chl a from Platt et al. (2003) to obtain estimates of PAR within the mixed 
158 layer. Linear interpolation was used to derive estimates of daily irradiance from the monthly 
159 climatology. Mixed-layer depths, temperature (Locarnini et al. 2009), and salinity (Antonov 
160 et al. 2010) were taken from WOA and potential density was taken from Jackett et al. (2006). 
161 2.4. Analysis of phytoplankton pigments by High Performance Liquid Chromatography. 
162 Chl a and accessory pigment concentrations were measured using HPLC following 
163 the procedure of Head & Horne (1993). Water samples were filtered onto GF/F filters before 
164 being either analysed immediately or flash frozen in liquid nitrogen at -80oC until analysis. 
165 Frozen filters were homogenised in 1.5 ml of 90% acetone, centrifuged and diluted with 0.5 
166 M ammonium acetate at a ratio of 2:1 before being run on a Beckman C18 reverse-phase, 3 
167  Ultrasphere column (Sathyendranath et al., 2005). Pigment peaks were identified for Chl-
168 a, divinyl chlorophyll-a (DVchl-a), chlorophyll-b (chl-b), (including  divinyl chlorophyll-b 
169 (DVchl-b) and monovinyl chlorophyll-b (MVchl-b), combined chlorophyll-c1 (chl-c1) and 
170 chlorophyll-c2 (chl-c2), chlorophyll-c3 (chl-c3), peridinin (per), 19'-butanoyloxyfucoxanthin 
171 (19'-but), 19'- hexanoyloxyfucoxanthin (19'-hex), fucoxanthin (fuc), violaxanthin (viola), 
172 diadinoxanthin (diad), alloxanthin (allo), diatoxanthin (diat), zeaxanthin (zea), and 
173 carotene. Samples lacking any of the 17 pigments mentioned above were discarded from the 
174 analysis, leaving a total of 1397 samples that were used out of a total of 2950 samples.
175 2.5. Absorption coefficient of phytoplankton (aph).
176 Particulate absorption samples were collected on GF/F filters, and analysed as 
177 described in Stuart et al. (1998, 2000). Absorption by particulate matter (ap  on wetted 
178 filters was measured between 400 and 750 nm relative to a blank saturated in filtered 
179 seawater, using a dual-beam Shimadzu UV-2101 PC scanning spectrophotometer with an 
180 integrating sphere (Stuart et al. 2000). Optical density measurements were divided by the 
181 geometrical path length (volume filtered divided by the clearance area of the filter) and 
182 multiplied by a factor of 2.3 to convert from decimal to natural logarithms. Detrital 
183 absorption, ad , was estimated following the method of Kishino et al. (1985), as modified 
184 by Stuart et al. (1998). Pigments were extracted using 20 ml of a 6:4 (vol:vol) 90% acetone 
185 and dimethyl sulfoxide (DMSO), followed by 10 ml of filtered seawater to remove any 
186 residual solvents (Stuart et al. 1998), before the absorption by the extracted filters was 
187 measured. Since water-soluble phycobiliproteins are not readily extracted using this method, 
188 a correction was applied to avoid underestimation of the absorption by phytoplankton. The 
189 detrital absorption spectrum was deconstructed into a series of Gaussian curves superimposed 
190 onto an exponential curve at the wavelengths of the peak absorption by the non-extracted 
191 pigments (420 and 666 nm for phaeopigments and 510, 550 and 590 nm for the biliproteins). 
192 The Marquardt-Levenberg algorithm was used to determine the parameters which minimise 
193 the sum of squares between the estimated and observed variables, giving a very good fit (R2 ~ 
194 0.99), before using the fitted exponential as the measure for detrital absorption. Absorption 
195 coefficients were calculated by subtracting the optical density at 750 nm from all other 
196 wavelengths, dividing by the geometrical path length (volume filtered divided by the 
197 clearance area of the filter) and adjusting for path length amplification due to scattering by 
198 the filter. Absorption by phytoplankton was calculated by subtracting ad  from ap  The 
199 mean Chl a-specific absorption coefficient ( ) was calculated by taking an average for all 
200 values of aph between 400 and 700 nm and dividing by Chl a.
201 2.6. Mean equivalent spherical diameter (MESD).
202 The methods of Roy et al. (2011) were used to estimate MESD from measurements of aph and 
203 pigment concentrations from HPLC. When approximated to homogeneous spheres, the 
204 absorption characteristics of the cell are a function of the concentration of pigments and the 
205 cell diameter. Due to the packaging effect, the absorption coefficient for a given 
206 concentration of pigment in solution is greater than when it is contained within discrete 
207 particles (Duysens 1956). Chl a is responsible for almost all the absorption at 676 nm. Since 
208 the Chl a concentration in the samples is known, the degree of packaging can be calculated 
209 by comparing the absorption by phytoplankton cells at 676 nm with the estimated absorption 
210 at 676 nm from the same Chl a concentration using a hypothetical solution (Fig. 3). A lookup 
211 table was then used to convert this measure of packaging into MESD. The table generates 
212 values of  which is the ratio between the light absorbed by a cell and the light incident on it, 
213 for a given diameter (d) ranging from 0 to 500  to enable approximate values for d to be 
214 calculated. See Roy et al. (2011) for further details.
215 2.7. Photosynthesis-Irradiance (PE) parameters
216 The protocol for the determination of PE parameters is described in Irwin (1990), 
217 Kyewelganga et al. (1997) and Bouman et al. (2005). Seawater samples were collected at the 
218 surface and at the chlorophyll maximum based on the in vivo fluorescence profile obtained 
219 from CTD casts. Thirty bottles were inoculated with 185 to 370 kBq (5 to 10 µCi) of 14C-
220 labelled bicarbonate and incubated for 2-3 hours. After the incubation, the seawater was 
221 filtered through 25 mm glass fibre filters (Whatman GF/F) at a vacuum pressure of < 200 mm 
222 Hg. The filters were exposed to concentrated HCl fumes to remove any inorganic carbon 
223 present, immersed in scintillation cocktail and the disintegration time per minute of 14C was 
224 counted on a liquid scintillation counter. The PE parameters,  and B, were estimated by 
225 fitting the data to the model of Platt et al. (1980). The quantum yield of photosynthesis ( m) 
226 was calculated as:
227 m = 0.0231 /  (400-700) (3)
B
228 where  (400-700) is the mean Chl a-specific absorption coefficient of phytoplankton, between 
229 400 and 700 nm, and the constant 0.0231 in the numerator converts grams to moles and hours 
230 to seconds.
231 2.8. Statistical analysis
232 To examine physiological and ecological trends of phytoplankton communities, hierarchical 
233 cluster analysis was deployed using HPLC indicator pigment data and Ward’s minimum 
234 variances clustering (Fig. 2). This is an agglomerative procedure where initially all points are 
235 considered singly, and merged in such a way to minimise the error sum of squares. The 
236 number of clusters was determined as the point where adding extra clusters caused the error 
237 sum of squares to increase. The analysis was implemented in the statistical software R via the 
238 function “hclust” as part of the “stats” package 2.5.1 (http://cran.r-project.org). Effects of 
239 variations in total biomass were eliminated by using chlorophyll-normalised pigment 
240 concentrations. Data were plotted using package “ggplot2” version 0.8.9, and mapping 
241 package “Ocean data view” version 4. To run the cluster analysis it is necessary to have all 
242 pigments present in the sample, even at low concentrations, for the full matrix to be 
243 computed. Trends between phytoplankton community clusters, MESD, photosynthetic rates 
244 and environmental parameters were visualised as running averages and analysed using linear 
245 regressin using ‘R’.
246
247 3. Results
248 3.1.  Classification of phytoplankton communities.
249 Ward’s minimum variance hierarchical clustering was used to classify the phytoplankton 
250 communities. The technique was applied to phytoplankton pigment concentrations 
251 normalised to Chl a, which characterised 8 principal clusters (Fig. 2) with distinctive pigment 
252 signatures (Fig. 3) size ranges (Fig. 4) PE parameters, and temperature and stratification 
253 indices (Fig. 5). Clusters 2 and 6 had the highest Chl a and fucoxanthin per unit Chl a, the 
254 largest mean cell size,  and the water masses associated with these clusters had the lowest 
255 mean temperature and stratification index. These clusters correspond with spring diatom 
256 populations (Fig. 3). Cluster 1 also had a relatively high fucoxanthin per unit Chl a 
257 concentration, though the mean equivalent spherical diameter (MESD) was lower than for 
258 cluster 2 and 6 (Fig. 4). This cluster represents a mixed assemblage of diatoms and 
259 prymnesiophytes. The phytoplankton community associated with Cluster 3 had a small mean 
260 cell size, with moderate to high zeaxanthin per unit Chl a, high B and low m values, which 
261 is indicative of picophytoplankton. Cluster 4 phytoplankton assemblage had high zeaxanthin 
262 and Chl b per unit Chl a indicative of picophytoplankton, the lowest MESD and m, high  
263 and the water mass associated with this cluster also had a high mean mixed-layer PAR. 
264 Cluster 4 also had high concentrations of DVchl-a which is a key indicator of 
265 Prochlorococcus. Cluster 5 occurred when PAR was low and is characterised by high 
266 concentrations of Chl b, Chl c, 19'-hex, 19'-but,  per unit Chl a, which is indicative 
267 of flagellates. Clusters 7 and 8 occurred during high stratification, and were characterised by 
268 high concentrations of alloxanthin per unit Chl a, indicating the presence of cryptophytes or 
269 photosynthetic ciliates such as Mesodinium spp.. Cluster 8 also had very high levels 
270 concentrations of peridinim per unit Chl a.
271
272 3.2.Seasonal succession in Phytoplankton communities and size. 
273 In early spring when the stratification index was low, clusters 6 and 2 were the most 
274 abundant and are indicative of diatom blooms (Fig. 6). Both of these communities then 
275 declined from Julian day 150 onwards when the stratification index increased and pico and 
276 nanoeukaryote assemblages, represented by clusters 3 and 4, became dominant (Fig. 6). 
277 During this period, cluster 1, the mixed assemblage of diatoms and prymnesiophytes, was 
278 also present. By Julian day 250, clusters 3 and 4 decreased rapidly and cluster 1 also declined 
279 and the dinoflagellate-dominated cluster 8 became more abundant. By Julian day 275 these 
280 assemblages were replaced by flagellates dominated clusters 5 and 7, which peaked on Julian 
281 day 300 and then declined by day 325, when the phytoplankton comprised a mixed 
282 assemblage of clusters 1, 3, 4 and 8. By winter around Julian day 350, as the stratification 
283 index became lower, clusters 3 and 4 decreased again, while cluster 5 reappeared (Fig. 6). 
284 MESD was the highest in spring, decreased during the summer months, and then 
285 increased again in the autumn, though not to the same extent as in spring (Fig. 7c). Over all 
286 seasons, there was a significant positive correlation between MESD and total Chl a (F1,1391 = 
287 570, R2 = 0.29, p < 0.0001; data not shown) and a significant negative correlation with the 
288 photosynthetic parameters (Table 3). There was also a significant negative correlation 
289 between MESD and temperature (F1,1052 = 259.5, R2 = 0.20, p < 0.0001; Fig 7a, Table 3) and 
290 the stratification index (F1,1051 = 176, R2 = 0.14, p < 0.0001; Fig 6b, Table 3). 
291 3.3.Seasonal succession in photosynthetic rates. 
292 During spring, clusters 3 (pico & nanoeukaryotes), 4 (pico & nanoeukaryotes) and 7 
293 (flagellates) had the highest  (3, 3 and 3.5 mg C mg Chl a-1 hr-1, respectively; Fig. 8a). 
294 During this period there seemed to be an anti-correlation with the dominant community since 
295 these clusters were in low abundance. In spring, clusters 1, 2 and 6 (all diatom dominated 
296 communities) were the most abundant but had the lowest  (<2, 2.5 and <1.5 mg C mg Chl 
297 a-1 hr-1, respectively). By July (JD 210), clusters 4 and 7 continued to have the highest  
298 values, which had increased to 5 and 4 mg C mg Chl a-1 hr-1, respectively. Clusters 1 and 2 
299 continued to have the lowest   values which had also increased slightly to 2.2 and 2.7 mg 
300 C mg Chl a-1 hr-1, respectively. By September (JD270), clusters 4 and 7 reached their  
301 maxima (6.6 and 5.9 mg C mg Chl a-1 hr-1, respectively) and for clusters 5 (flagellates) and 8 
302 (dinoflagellates),  values were >4.2 mg C mg Chl a-1 hr-1. During this period, cluster 3 
303 reached the lowest   values (<1.5 mg C mg Chl a-1 hr-1). During the winter (JD360), 
304 cluster 5 had the highest values (>6 mg C mg Chl a-1 hr-1) and cluster 1, which dominated the 
305 biomass, also reached its highest  (4 mg C mg Chl a-1 hr-1; Fig. 8a).  
306 For B in spring, all clusters exhibited similarly low values (0.01 – 0.03 mg C (mg Chl 
307 a)-1 h-1), with cluster 6 having slightly lower values and cluster 4 having higher values 
308 compared to the overall mean (Fig. 8b). From spring to summer, there was an increase in B 
309 associated with each cluster which reached a peak in later summer. B then started to diverge 
310 in June (JD170) when cluster 5 had the lowest values and cluster 7, the highest. B continued 
311 to diverge in late summer (JD270) when clusters 1 & 7 were between 0.06 & 0.08 mg C (mg 
312 Chl a)-1 h-1, whereas clusters 3 & 8 only reached 0.02 mg C (mg Chl a)-1 h-1 (Fig. 8b). 
313 Similarly, m was low in spring and increased in summer when clusters 5 and 8 reached 
314 maximum values (Fig. 8c).
315  and B were lower when MESD was high when clusters 1, 5 and 7 dominated, and 
316 were highest as MESD decreased when clusters 2, 3, 4 and 6 dominated (Fig. 7b, d). By 
317 contrast, m exhibited the opposite trend and was higher when MESD was high and lower as 
318 MESD decreased (Fig. 7f). Similarly, and B increased with increasing temperature and  
319 stratification index up to 20 °C and 0.1 stratification index when clusters 2, 3, 4 and 6 
320 dominated (Fig. 9a, b). For all data, there were significant relationships between and B  
321 and temperature, stratification index and PAR (Table 3). m  showed a slightly different 
322 pattern with a peak both in spring at ~2 °C, when the water column was still mixed, and in 
323 summer at 12 °C when the stratification index was 0.1 (Fig. 9g, h). Though there was a 
324 significant correlation between m and PAR, there was no significant correlation between m 
325 and temperature and stratification index (Fig. 9c, f, i, Table 3). . 
326
327 4. Discussion
328 4.1. Phytoplankton community classification, size, succession and seasonality using bio-
329 optical proxies.
330 Microscopy has been routinely used to characterise and enumerate phytoplankton 
331 since the 1950’s (Utermöhl, 1958). Using this technique alone, very small phytoplankton (<3 
332  can be difficult to identify. Flow cytometry has therefore been deployed to identify small 
333 size phytoplankton (e.g. Moore et al., 2009). More recently, DNA and 18S rRNA probes have 
334 been used to quantify the abundance of picophytoplankton (e.g. Lie et al. 2014, Orsi et al. 
335 2018). Signatures of phytoplankton pigments have also been used since the 1990’s to 
336 elucidate the community structure of phytoplankton (e.g. Mackey et al. 1998). Automated 
337 HPLC allows for the rapid processing of pigments to determine phytoplankton groups, and a 
338 number of techniques have been developed to determine phytoplankton taxa from pigment 
339 signatures including CHEMTAX and pigment clusters (Mackey et al., 1998). In coastal 
340 waters there is generally good agreement between microscopy and HPLC pigment methods to 
341 derive phytoplankton community structure (Mackey et al. 1998). In Open Ocean oligotrophic 
342 waters, there was good agreement between the two techniques in the upper ocean, but 
343 disagreement between the two methods in deeper water samples has been reported due to 
344 depth-dependent changes in cellular pigment content and accessory pigment-to-chlorophyll 
345 ratios (Andersen et al. 1996). Brewin et al. (2014) compared HPLC and size fractionated 
346 filtration methods of deriving different phytoplankton groups and found that HPLC methods 
347 tended to under-estimate Chl a of picoplankton and over-estimate Chl a of 
348 nanophytoplankton compared to size filtration methods. 
349 Lohrenz et al. (2003) used phytoplankton pigments to characterize size structure and 
350 community composition in relation to different water masses in Chesapeake Bay, USA and 
351 found that high salinity water was associated with haptophytes and dinoflagellates and low 
352 salinity water was associated with large diatoms. Similarly, Hill et al. (2005) used pigment 
353 ratios to identify successional trends in phytoplankton assemblages and found that large-sized 
354 fucoxanthin containing phytoplankton were associated with the higher primary production. 
355 None of these studies have used time series of phytoplankton pigments to elucidate 
356 climatological changes in community structure. 
357 The successional trends that we observed are consistent with previous studies in the 
358 North Atlantic Ocean (Barlow et al., 1993, Lochte et al., 1993, Li 2002, Bouman et al., 2003). 
359 We found that MESD is large during spring, which is associated with high concentrations of 
360 fucoxanthin, predominantly from clusters 2 and 6, implying diatom dominance, when 
361 stratification is absent (Fig. 8), which has also been observed by Dandonneau & Niang 
362 (2007). Clusters 2 and 6 appear almost identical in terms of size, with the only visible 
363 difference being the higher concentration of  in cluster 6.  plays an 
364 important role in photo-protection (Llewellyn et al., 2005), but mean mixed-layer PAR was 
365 higher for cluster 2 compared to cluster 6. Chlorophyll-normalised  concentrations 
366 can be highly variable between different diatom species grown at the same irradiance (Dimier 
367 et al. 2007), which may partially explain this trend. There was a successional change from 
368 diatoms (Clusters 2 and 6) to a mixed assemblage of diatoms and prymnesiophytes (Cluster 
369 1), followed by small eukaryotes with high concentrations of 19'-hex and 19'-but (Clusters 3 
370 and 4) to nanoflagellates identified by Clusters 5 and 7 and finally dinoflagellates (Cluster 8). 
371 Cluster 1 had a lower MESD and very high chl-a-normalised concentrations of chl-c1, c2 and 
372 c3 unlike the other two fucoxanthin-dominated clusters (2 and 6), though there were no 
373 differences in the degree of stratification between these clusters. This decrease in MESD as 
374 the season progressed has also been observed in the seasonal succession of this and similar 
375 areas (Margalef 1978; Barlow et al., 1993; Lochte et al., 1993; Savidge et al., 1995; Irigoien 
376 et al., 2004; Llewellyn et al., 2005). The most difficult part of the annual succession to 
377 characterise using diagnostic pigments is the transition from diatoms to prymnesiophytes, 
378 which can both contain fucoxanthin. For Cluster 1, the association of fucoxanthin with 
379 chlorophylls-c1, c2 and c3 is more indicative of Phaeocystis than diatoms (Vaulot et al., 
380 1994). In addition, there were 2 clusters identified with similar picophytoplankton 
381 populations. Cluster 3 is characterised by pico and nanoeukaryote pigment signatures. Cluster 
382 4 has more cyanobacterial lineages as indicated by the presence of divinyl chlorophylls and 
383 zeaxanthin. This shift in picophytoplankton community structure across oceanographic has 
384 been reported more widely in global datasets (e.g. Bouman et al. 2011).
385
386 4.2. Coupling between phytoplankton clusters, photosynthetic rates and environmental 
387 parameters.
388 An increasingly accepted paradigm is that marine phytoplankton communities are formed 
389 from a background of smaller cells to which larger cells are added under conditions 
390 favourable for growth, which increases Chl a and PP (Chisholm,1992; Li, 2002). In the 
391 reverse direction, when the phytoplankton community becomes dominated by smaller cells, 
392 Chl a and PP tend to decrease. The classic theory is that winter mixing followed by 
393 stratification often results in high Chl a, photosynthetic rates and primary production 
394 associated with microphytoplankton dominated by diatoms (Sverdrup, 1957). As 
395 stratification intensifies, PAR and temperature also increase, but nutrients tend to decrease. 
396 The phytoplankton community then becomes dominated by nano and picophytoplankton, 
397 resulting in a decrease in Chl a, photosynthetic rates and primary production (Beardall et al. 
398 2009). This has been shown in the North Atlantic, during the progression of the spring bloom 
399 from diatoms to flagellates which is associated with lower maximum photochemical quantum 
400 efficiency and higher absorption cross section of photosystem II and corresponds with a 
401 decrease in cell size, a decrease in nutrients and increasing stratification (Moore et al. 2005). 
402 Similarly in the upwelling regions off Baja California and the NW Iberian Peninsula, periods 
403 of high stratification are associated with a decrease in photosynthetic rates and primary 
404 production (Gomez-Ocampo et al., 2017; Tilstone et al., 2003).
405 A dichotomy exists around the community structure, cell size and the rate with which 
406 carbon is transferred through the ecosystem. Since smaller celled phytoplankton have a 
407 higher surface to volume ratio than larger cells, they have a greater ability to take up nutrients 
408 and absorb light, which could result in a higher photosynthetic efficiency (Cermeno et al., 
409 2005). Under high nutrient concentrations and light however, large sized phytoplankton can 
410 attain higher Chl a normalized photosynthetic rates than smaller phytoplankton (Legendre et 
411 al. 1993; Tamigneaux et al. 1999), which suggests a higher physiological efficiency 
412 compared to smaller cells (Cermeno et al., 2005). There are an increasing number of studies 
413 however, that report an increase in photosynthetic rates and primary production during high 
414 stratification when nano and picophytoplankton dominate. In the North Pacific Subtropical 
415 Gyre for example, climate warming is associated with a shift in phytoplankton communities 
416 towards nano eukaryotes, and an increase in both Chl a and primary production even though 
417 dissolved silicate and phosphate have decreased (Karl et al. 2001). Similarly, in the Bay of 
418 Biscay,  is reported to be higher at the surface during summer when picophytoplankton 
419 dominate, which are positively correlated with stratification (Moran, 2007) and higher  
420 was correlated with low diatom abundance (Moran and Sharek, 2015). By comparison, 
421 during cruises in spring and summer, PP decreased with increasing vertical stratification in 
422 the Mediterranean Sea (Estrada et al. 2014), but the relationship could be negative (during 
423 March), positive (during March and May) or non-existent (during September) depending on 
424 the time of year. Morán and Estrada (2005) reported that average increased from winter to  
425 late-spring and summer, which was caused primarily by a change in the phytoplankton 
426 composition from relatively large to small cells. For all data, we found positive and 
427 significant correlations between B and temperature and stratification index indicating , 
428 that in the NW Atlantic photosynthetic rates increase with temperature and water column 
429 stratification. 
430 The variability in photosynthetic rates seems to be regional. For example, diatoms are 
431 reported to have the highest photosynthetic rates especially in upwelling zones due to replete 
432 light and nutrients (Babin, et al., 1996; Lorenzo, et al., 2005). In the open ocean, filamentous 
433 and colonial cyanobacteria, that have the ability to fix nitrogen, are also reported to have high 
434 photosynthetic rates (Li et al., 2011). Picophytoplankton is also reported to have high 
435 photosynthetic rates in some coastal and shelf seas (deMadariaga & Joint, 1994; Barnes, et 
436 al., 2014; Moran & Sharek, 2015; Platt et al., 1983). 
437 In our analysis in the NW Shelf waters of the Atlantic, we found that pico and 
438 nanoeukaryotes had the highest photosynthetic rates and diatom dominated communities had 
439 the lowest rates. This is similar to the findings of Tilstone et al. (1999) in the NW Iberian 
440 Peninsula who showed that although microphytoplankton dominate the phytoplankton 
441 community, the highest and most variable photosynthetic rates are due to nanophytoplankton. 
442 In a temperate coastal ecosystem, Xie et al. (2015) showed that the succession from 
443 nanoeukaryotes (including Phaeocystis sp.) to dinoflagellates resulted in an increase in 
444 photosynthetic rates that is also associated with changes in temperature and nutrient regimes. 
445 By contrast, Mangoni et al. (2017) found in the Ross Sea that a diatom community dominated 
446 by Pseudo-nitzschia spp. had the highest photosynthetic rates whereas haptophytes had lower 
447 rates. Other studies have shown that small and subtle changes in phytoplankton community 
448 composition can result in high variability in photosynthetic rates. For example, Segura et al. 
449 (2013) found that in the Argentine Sea high variability in bio-optical and photosynthetic 
450 parameters due to adaptation to heterogeneous and highly dynamics environmental 
451 conditions. A community dominated by diatoms and coccal cells had the highest 
452 photosynthetic rates, whereas diatoms and Emiliana huxlyei had significantly lower rates.
453 All clusters except cluster 5 displayed positive relationships between m and size (Fig 
454 8a), indicating higher photosynthetic efficiency as size increases, possibly due to 
455 compensation for a decrease in the efficiency of light-harvesting. It could also be the result of 
456 larger values in MESD associated with high nutrient concentrations, which can increase m 
457 (Babin et al., 1996). This contrasts with the findings of Geider & Osborne (1986) who 
458 observed no variation in m in relation to changes in light regime or species. Finkel (2001) 
459 and Ignatiades et al. (2002) also reported that m decreases as cell size increases. We found a 
460 negative relationship between m and mean daily mixed-layer PAR for clusters 1, 4, 7 and 8 
461 (Fig. 9b), which could be due to an increase in the concentration of photo-protective pigments 
462 (  et al., 2002, Babin et al., 1996). Since light absorbed by photo-protective 
463 pigments is dissipated as heat, less energy is used for carbon fixation, and so theoretically m 
464 can decrease. For all data, both , B and m showed a significant negative correlation with 
465 PAR (Table 3), indicating photo-acclimation to low light and photo-inhibition at high 
466 irradiance. Negative relationships between mean daily PAR in the mixed layer and B were 
467 specifically observed for clusters 1, 4, 7 and 8 (Fig. 9f). Clusters 2, 3, 5 and 6, however, 
468 showed no such response. The mean values for B in these clusters are lower than those for 
469 clusters 1, 4, 7 and 8 which did show a relationship between B and mean daily mixed-layer 
470 PAR (Fig. 5, 9f). Given that the production of light-harvesting pigments is energetically 
471 costly for phytoplankton (Raven 1984, Geider et al., 1996), cells that are subjected to higher 
472 irradiances invest less energy in the synthesis of light-harvesting pigments, and B can 
473 become lower. Alternatively the relationships may be the result of a reduction of functional 
474 photosynthetic reaction centres due to photo-inhibition (Long et al., 1994), or nutrient stress 
475 (Babin et al., 1996). 
476 Using this cluster technique to characterise the phytoplankton community succession, we 
477 were able to simultaneously characterise changes in size, environmental conditions and 
478 photosynthetic parameters. As proof-of-concept, a robust relationship between MESD from flow 
479 cytometry and absorption coefficients for the Scotian Shelf has been previously reported in Bouman 
480 et al. (2003).  and B were highest when MESD was low, when nano and 
481 picophytoplankton dominated and when temperature (~20 °C) and stratification index (0.1) 
482 were high. These successional patterns in the dominant phytoplankton size-class and 
483 phenology support Margalef's (1978) mandala in terms of the relationship between turbulence 
484 and community structure. The study sheds new light on assemblages dominated by smaller 
485 cells, under warm, stratified conditions, having higher photosynthetic efficiencies, which has 
486 implications for the carbon flux on the NW Atlantic shelf. 
487 Conclusion.
488 Using a dataset of HPLC phytoplankton pigments and phytoplankton absorption 
489 coefficients from the North West Atlantic, trends in phytoplankton distribution and 
490 succession were discerned. Cluster analysis on Chl a normalised accessory pigment 
491 concentrations revealed 8 distinct populations of phytoplankton with succession between the 
492 clusters dictated by seasonality and stratification. Fucoxanthin-dominated clusters, indicating 
493 the presence of diatoms, dominated in spring when turbulence was high. As stratification 
494 increased, MESD decreased and picophytoplankton increased, while in autumn, the strength 
495 of stratification decreased, and flagellates increased in importance. High values of MESD 
496 were associated with high Chl a concentrations, and a highly mixed water-column, in early 
497 spring, while smaller cells were observed during the summer, when the water-column was 
498 strongly stratified. For all except one cluster, a significant positive relationship between 
499 MESD and m was observed, reflecting greater quantum efficiency as the efficiency of light 
500 absorption decreased due to self-shading. Negative relationships were also observed between 
501 B and mean mixed layer PAR during high stratification. Assemblages dominated by smaller 
502 cells during warm, stratified conditions in summer, had higher photosynthetic rates.
503
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826 Figure Legends.
827 Fig. 1. Station locations in the North Atlantic used for cluster analysis of HPLC 
828 phytoplankton pigment data.
829 Fig. 2. Results of Ward’s hierarchical cluster analysis using chlorophyll-normalised HPLC 
830 pigment concentrations. (a) Descent curve showing clear elbow at 8 clusters. (b) Dendrogram 
831 showing Euclidian distances between samples, with cluster numbers.
832 Fig. 3. Boxplots showing (a) Percentage of total Chl-a which is divinyl, (b) Chl-a normalised 
833 chl-b, (c) Chl-a normalised combined chl-c1 and chl-c2, (d) Chl-a normalised -carotene, (e) 
834 Chl-a normalised chl-c3, (f) Chl-a normalised fucoxanthin, (g) Chl-a normalised peridinin, 
835 (h) Chl-a normalised alloxanthin, (i) Chl-a normalised 19’-butanoyloxyfucoxanthin, (j) Chl-a 
836 normalised  19’-hexanoyloxyfucoxanthin, (k) Chl-a normalised zeaxanthin.
837 Fig. 4. Density plots of the size distributions of different phytoplankton populations from 
838 hierarchical cluster analysis on chlorophyll normalised HPLC pigment concentrations. Lines 
839 coloured according to cluster. Cluster 1: red, 2: green, 3: dark blue, 4: light blue, 5: purple, 6: 
840 yellow, 7: grey, 8: pink. Size structure estimated using absorption at 676nm.
841 Fig. 5. Boxplots showing photosynthetic parameters and chlorophyll normalised HPLC 
842 pigment concentrations for the different clusters. (a.) Total chlorophyll-a ( g/l), (b.) 
843 Temperature (oC), (c.) Photosynthetically active radiation (E m -2 d -1), (d.) m (E m -2 d -1), (e.) 
844  (mgC (mg chl-a)-1 h-1), (f.) B (mg C (mg chl-a)-1 h-1 mol quanta m-2 s-1)-1, (g.) Mean 
845 equivalent spherical diameter from absorption ( m), (h.) Stratification index, defined as the 
846 difference between samples temperature and climatological prediction for the temperature at 
847 100m / offset in depth (oC m-1), (i.) proportion of divinyl Chl a. 
848 Fig. 6. (a) Proportion of samples in each cluster with respect to Julian day in North West 
849 Atlantic Shelf Province as defined by Longhurst et al. (1995). Clusters assigned using 
850 hierarchical cluster analysis on Chl-a normalised HPLC pigments. (b) Proportion of samples 
851 in each cluster with respect to the degree of stratification in the North West Atlantic Shelves 
852 Stratification index is defined as the difference between sample temperature and 
853 climatological prediction for the temperature at 100 m divided by the offset in depth.
854 Fig. 7. Relationship between mean equivalent spherical diameter and environmental and 
855 biological variables; (a.) temperature, (b.) , (c.) Julian Day, (d.) B, (e.) stratification index, 
856 (f.) m. Points are coloured according to phytoplankton cluster as assigned using chlorophyll 
857 normalised hierarchical cluster analysis. Cluster 1: red, 2: green, 3: dark blue, 4: light blue, 5: 
858 purple, 6: yellow, 7: grey, 8: pink. Black line is the running average of all points.
859 Fig. 8. Relationship between (a.) maximum photosynthetic rate ( ; mg C mg Chl a-1 hr-1), 
860 (b.) light limited slope of photosynthesis ( B (mg C (mg chl-a)-1 h-1 mol quanta m-2 s-1)-1) (c.) 
861 maximum quantum yield ( m (E m -2 d -1)) for each cluster and time of the year (Julian Day). 
862 Coloured lines are the running average for each cluster.
863 Fig. 9. Relationship between  (mg C mg Chl a-1 hr-1) and (a.) temperature, (b.) 
864 stratification index, (c.) mean PAR in the mixed layer (E m -2 d -1);  B (mg C mg chl-a)-1 h-1 
865 µmol quant m-2 s-1)-1 and (d.) temperature, (e.) stratification index, (f.) mean PAR in the 
866 mixed layer (E m -2 d -1);  and m (mol C (mol quanta)-1), (g.) temperature, (h.) stratification 
867 index, (i.) mean PAR in the mixed layer (E m -2 d -1). Points are coloured according to 
868 hierarchical cluster analysis on chlorophyll normalised HPLC pigments. Black line is the 
869 running average of all points.
870 Table 1. Summary of key cluster properties, showing sample temperature, depth, day of year, 
871 total HPLC chl-a, PE parameters, quantum yield ( m), mean-specific absorption between 350 
872 and 700 nm ( ). Mean phytoplankton MESD was estimated using phytoplankton absorption 
873 coefficients (Roy et al. 2011). 
874 Table 2. Summary of pigments present in the different clusters and ecological implications. 
875 Table 3. Statistical relationships between environmental variables and (A.) mean equivalent 
876 spherical diameter, (b.) photosynthetic rates using linear regression. R2 is the coefficient of 
877 variation, F is the mean square to mean square error ratio, df denotes the degrees of freedom 
878 and P is the critical significance value.
879
880
Table 1. Summary of key cluster properties, showing sample temperature, depth, day of year, 
total HPLC chl-a, PE parameters, quantum yield ( m), mean-specific absorption between 350 
and 700 nm ( ). Mean phytoplankton ESD was estimated using absorption (Roy et al. 
2011).  
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Table 3. Statistical relationships between environmental variables and (A.) mean equivalent 
spherical diameter, (b.) photosynthetic rates using linear regression. R2 is the coefficient of 
variation, F is the mean square to mean square error ratio, df denotes the degrees of freedom 
and P is the critical significance value.
A. Slope Intercept R2 F df P
MESD v 
temperature
-0.91 25 0.20 260 1,1052 <0.0001
MESD v -1.186 21.1 0.03978 31.03 724 <0.0001
MESD v B -90.1 20.5 0.02796 21.86 724 <0.0001
MESD v m 210.6 8.0038 0.2085 188.9 712 <0.0001
MESD v 
stratification 




0.191 1.75 0.3031 315.9 723 <0.0001
B v 
temperature
0.00121 0.0248 0.0972 78.99 723 <0.0001
m v 
temperature
-0.000403 0.048 0.006993 6.014 711 0.014
 v  
stratification 
20.84 2.684 0.26 255.6 723 <0.0001
B v 
stratification 
0.193 0.0295 0.181 161.3 723 <0.0001
m v 
stratification 
-0.0255 0.0457 0.001039 1.74 711 0.1875
 v PAR -0.0373 3.959 0.0153 6.76 370 0.00967
B v PAR -0.000597 0.042 0.041 17.04 370 <0.0001
m v PAR -0.000936 0.0475 0.07392 30.45 368 <0.0001

Figure 2. Results of Ward’s hierarchical cluster analysis using chlorophyll-normalised HPLC 
pigment concentrations. (a) Descent curve showing clear elbow at 8 clusters. (b) Dendrogram 
showing Euclidian distances between samples, with cluster numbers.
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